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ABSTRACT
The majority of the activity around nearby (z ≈ 0) supermassive black holes is found
in low-luminosity active galactic nuclei (LLAGN), the most of them being classified as
low ionization nuclear emission regions. Although these sources are well studied from
radio up to X-rays, they are poorly understood in γ-rays. In this work we take advan-
tage of the all sky-surveying capabilities of the Large Area Telescope on board Fermi
Gamma ray Space Telescope to study the whole Palomar sample of LLAGN in γ-rays.
Precisely, the four radio-brightest LLAGN in the sample are identified as significant
γ-ray emitters, all of which are recognized as powerful Fanaroff-Riley I galaxies. These
results suggest that the presence of powerful radio jets is of substantial importance for
observing a significant γ-ray counterpart even if these jets are misaligned with respect
to the line of sight. We also find that most of the X-ray-brightest LLAGN do not have
a significant γ-ray and strong radio emission, suggesting that the X-rays come mainly
from the accretion flow in these cases. A detailed analysis of the spectral energy dis-
tributions (SEDs) of NGC 315 and NGC 4261, both detected in γ-rays, is provided
where we make a detailed comparison between the predicted hadronic γ-ray emission
from a radiatively inefficient accretion flow (RIAF) and the γ-ray emission from a
leptonic jet-dominated synchrotron self-Compton (SSC) model. Both SEDs are better
described by the SSC model while the RIAF fails to explain the γ-ray observations.
Key words: gamma-rays: general – black hole physics – accretion discs – galaxies:
active
1 INTRODUCTION
Most active galactic nuclei (AGN) in the present day
Universe are typified by low luminosities, being thus des-
ignated as low-luminosity AGN (LLAGN; e.g. Ho 2008).
LLAGN consist of galaxies which host supermassive black
holes (SMBHs) accreting with low, sub-Eddington accretion
rates ÛM < 0.01 ÛMEdd, where ÛMEdd is the Eddington accre-
tion rate. Locally, some notable examples of LLAGN are
Sagittarius A* – the SMBH at the Galactic center (Genzel
et al. 2010) – and M87* at the center of the radio galaxy
M87 (Event Horizon Telescope Collaboration et al. 2019).
? E-mail: raniere.m.menezes@gmail.com
The bulk of the LLAGN population (∼ 2/3) consists of
low-ionization nuclear emission regions (LINERs; Halpern
& Steiner 1983) which have an average Eddington ratio of
Lbol/LEdd = 10−5 (Ho 2009), where Lbol and LEdd are the
bolometric and Eddington luminosities respectively.
The observational properties of LLAGN favor a scenario
for their central engines which is quite different from that
of more luminous AGN: since the SMBHs are accreting at
low rates they are in the radiatively inefficient accretion flow
(RIAF) mode (Ichimaru 1977; Narayan & Yi 1994) rather
than radiatively efficient geometrically thin accretion disks
(Novikov & Thorne 1973; Shakura & Sunyaev 1973). Unlike
standard thin disks (Shakura & Sunyaev 1973) in which the
viscously generated energy is thermalized and radiated lo-
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cally, RIAFs store most of the viscous energy and advect it
into the SMBH (Yuan & Narayan 2014). The viscous heat-
ing affects mainly the ions, while the radiation is produced
primarily by the electrons (Rees et al. 1982). Since the ions
transfer only a small fraction of their energy to the elec-
trons via Coulomb scattering, the energy which is radiated
is much less than the total energy released during accretion
(Rees et al. 1982). Due to the high temperatures and low
densities, the leptonic and hadronic particle populations in
RIAFs are expected to generate a broadband, multiwave-
length electromagnetic spectrum from radio to γ-rays (e.g.
Mahadevan et al. 1997; Oka & Manmoto 2003).
LLAGN generally show compact radio core emission
which is indicative of the presence of compact jets (Na-
gar et al. 2000, 2005). Furthermore, there is evidence that
whenever LLAGN are observed at high angular resolutions,
extended radio jet emission is detected (Mezcua & Prieto
2014). Thus, observationally it seems that LLAGN are asso-
ciated with relativistic jets. On the theoretical side, general
relativistic magnetohydrodynamic simulations have demon-
strated that RIAFs can easily produce powerful relativistic
jets (Tchekhovskoy 2015) provided that enough magnetic
flux accumulates near the event horizon and the black hole
spin is moderate at least (Nemmen et al. 2007; Sikora &
Begelman 2013). The presence of highly magnetized rela-
tivistic jets, carrying significant numbers of nonthermal par-
ticles (e.g. Petropoulou et al. 2016), introduces an important
synchrotron radiation contribution (e.g. Spada et al. 2001)
to the spectral energy distribution (SED).
The presence of both RIAFs and jets in LLAGN pro-
duces a rich multiwavelength SED (Yu et al. 2011; Nemmen
et al. 2014; van Oers et al. 2017) in which a γ-ray compo-
nent should be expected. There are multiple possible origins
for the γ-ray emission. In the vicinity of the event horizon,
the ion temperature of a RIAF can reach 1012 K (Yuan &
Narayan 2014), thus enabling proton-proton collisions and
the production of neutral pions, which subsequently decay
into pairs of GeV photons (Mahadevan et al. 1997; Oka
& Manmoto 2003). Furthermore, synchrotron self-Compton
(SSC) emission is expected from the jet (Finke et al. 2008;
Takami 2011). Quantifying and modeling the γ-ray emission
from LLAGN can give us valuable information on the rel-
ative importance of the contributions of the accretion flow
and jet to the electromagnetic spectrum, the particle ac-
celeration processes and particle populations responsible for
the high-energy emission near the SMBHs.
The Fermi Large Area Telescope (LAT) has been ob-
serving the whole sky for over ten years in the 100 MeV
to > 300 GeV energy band (Atwood et al. 2009). The ex-
cellent sky coverage, broad spectral range and time-domain
resolution of Fermi-LAT has brought a revolution in our
understanding of the extragalactic γ-ray sky (e.g. Massaro
et al. 2016). Naturally, in the last few years progress has
been made on the observational search for γ-rays coming
from LLAGN as well as Seyfert 1 AGN, which we now re-
view.
Using 3 years of Fermi-LAT observations, Ackermann
et al. (2012) performed a search for γ-rays in a sample of
120 radio-quiet Seyferts, selected based on the presence of
hard X-ray emission from the Neil Gehrels Swift Observatory
Burst Alert Telescope (BAT) 58 month catalog (Barthelmy
et al. 2005; Cusumano et al. 2010). Ackermann et al. (2012)
found no significant γ-ray emission in Seyfert galaxies that
can be attributed to the AGN. Teng et al. (2011) used 2.1
years of Fermi-LAT data to search for γ-rays from Seyferts
selected from the same catalog used by Ackermann et al.
(2012) and found that the radio-loud AGN–mostly blazars–
were detected by Fermi whereas only two radio-quiet AGN
are γ-ray emitters, NGC 1068 and NGC 4945. Wojaczyn´ski
et al. (2015) searched for γ-ray emission in a sample of 11
prominent Seyfert 1s including the Fanaroff-Riley type I
(FRI) galaxy Centaurus A. Wojaczynski et al. find signif-
icant γ-ray detection in NGC 6814, and weak signals asso-
ciated with NGC 4151 and NGC 4258 which could be due
to background emission.
Another interesting non-blazar class of objects observed
with Fermi-LAT are radio galaxies with their jets point-
ing away from us, so-called misaligned AGN (Abdo et al.
2010a)–many of which host LLAGN. They are radio-loud
sources with steep radio spectra (αr > 0.5, in the convention
Fν ∝ ν−αr ). Observations of these objects in γ-rays were
previously obtained at GeV and even TeV energies (Abdo
et al. 2009b; Abdo et al. 2009a; Fermi LAT Collaboration
2010a; Abdo et al. 2010b; Grandi et al. 2013; Aleksic´ et al.
2014a,b; Abdalla et al. 2018). Since the emission from mis-
aligned AGN is not as affected by relativistic boosting due
to their misaligned jets, in contrast with blazars, their γ-
ray emission could potentially have a hadronic contribution
from the RIAF. The observed γ-ray SEDs, however, indicate
a dominance of leptonic emission, most likely SSC emission,
rather than a hadronic process (e.g. Abdo et al. 2009b; Abdo
et al. 2009a; Fermi LAT Collaboration 2010a; Aleksic´ et al.
2014b).
The observed γ-ray properties of LLAGN as a class has
not been systematically explored yet. In this work we make
the first systematic investigation of the Fermi-LAT obser-
vations of LLAGN as a class, and we compare the obser-
vations with predictions from RIAF and jet models for the
γ-ray emission. Throughout this work, we use a Hubble con-
stant H0 = 75 km s−1 Mpc−1, to be consistent with Nagar
et al. (2005) and Ho (2009), who tabulated the radio and
X-ray observations of the Palomar sample. The definition of
LLAGN we adopt is based on the optical nuclear spectra
of the sources which are generally LINERs. Some of these
sources, however, can be very bright in other wavelengths,
especially in radio. This paper is structured as follows. Sec-
tions 2 and 3 describe the sample, data selection and the γ-
ray, X-ray and radio analyses. The theoretical models for the
electromagnetic spectrum are presented in Section 4. The re-
sults are presented in Section 5 and discussed in Section 6.
We finish with a summary of the work and conclusions in
Section 7.
2 FERMI -LAT OBSERVATIONS
Our sample consists of the 197 AGN found among the
486 bright (apparent blue magnitudes BT ≤ 12.5 mag) north-
ern (declination δ > 0◦) galaxies in the Palomar spectro-
scopic survey of nearby galactic nuclei (Ho et al. 1995, 1997).
This sample is characterized by high-quality, moderate-
resolution, long-slit spectra with a high completeness degree
due to the bright magnitude limit adopted. The properties of
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the Palomar survey make it suitable to the study of nearby
(z ≈ 0) AGN, especially LLAGN (Ho 2008).
For each AGN in our sample we analyzed data collected
with Fermi-LAT during a period of 10.25 years ranging from
August 4th 2008 to November 15th 2018. The analysis was
performed with Fermitools1 v1.0.0 and fermipy2 v0.17.4
(Wood et al. 2017), as well as the Pass 8 event processed
data (Atwood et al. 2013).
Following the recommended criteria3, we selected data
within a 15◦ × 15◦ region-of-interest (ROI), centered on the
AGN positions given in Ho et al. (1995), with energies rang-
ing between 100 MeV and 300 GeV and 8 logarithmically
spaced bins per energy decade. We then manually added a
point source to the center of each ROI, except when the tar-
get was already available in the Fermi-LAT 8-year Source
Catalog4 (4FGL; The Fermi-LAT collaboration 2019).
Only events belonging to the Source class were used
(evclass=128 and evtype=3) and the filters applied with
gtmktime were DATA_QUAL>0 and the recommended instru-
ment configuration for science (LAT_CONFIG==1). We applied
a maximum zenith angle cut of 90◦ to reduce contamina-
tion from the Earth limb. For modeling the Galaxy and the
extragalactic background emission, we adopted the Galaxy
background model gll_iem_v07 and the isotropic spectral
template iso_P8R3_SOURCE_V2_v1.
We investigated these AGN by means of binned like-
lihood analysis using MINUIT as minimizer and, to quantify
the significance among the detections, we used a test statistic
(TS) defined as TS = 2(L1−L0), where the term inside paren-
theses is the difference between the maximum log-likelihoods
with (L1) and without (L0) including a point source with
power-law photon index α = 2 in the model. The adopted
criteria for detection was TS > 25, corresponding to a signifi-
cance of 5σ (Mattox et al. 1996). For all sources lying within
a radius of 5◦ from the center of the ROIs, the normalization
parameter was left free to vary.
All sources listed in 4FGL and lying up to 5◦ outside
the ROIs were taken into account as well as all sources found
with the fermipy function find_sources() using the param-
eters sqrt_ts_threshold=5.0 and min_separation=0.5.
Three of the 197 AGN analyzed (NGC 315, NGC 1275 and
NGC 4486) belong to 4FGL and thus we modelled their spec-
tral shape accordingly to the catalog. These three sources
together with NGC 4261 were the only AGN detected in
γ-rays (TS > 25; see Section 5). All remaining sources were
modelled with a power-law spectrum and their flux upper
limits are listed in Appendix A.
To test the robustness of our analysis, we performed a
complementary analysis from scratch only for the LLAGN
with TS values close to the adopted detection threshold of
TS = 25. A total of four sources were selected within the
range 10 < TS < 100. This time we applied an extra iter-
ation with DRMNFB minimizer (before using MINUIT) and let
1 https://fermi.gsfc.nasa.gov/ssc/data/analysis/
software/
2 https://fermipy.readthedocs.io/en/latest/index.html
3 https://fermi.gsfc.nasa.gov/ssc/data/analysis/
documentation/Cicerone/Cicerone_Data_Exploration/Data_
preparation.html
4 https://fermi.gsfc.nasa.gov/ssc/data/access/lat/8yr_
catalog/
the normalization and spectral shape of all sources within a
radius of 7◦ from the ROI center free to vary. The results
of this complementary analysis are in agreement with the
results of the main analysis of this work and can be checked
in Table 1.
3 X-RAY AND RADIO DATA
3.1 X-rays
The X-ray observations we adopted are from Ho (2009),
where he performed a literature search and collected all
published X-ray observations for the LLAGN in the Palo-
mar sample. Because most nearby AGN are very dim in
X-rays, they can be easily outshined by circumnuclear emis-
sion. Hence, the most important consideration when select-
ing X-ray observations in the literature is the angular reso-
lution, in order to avoid possible contamination from other
sources not associated with the AGN. Most of the observa-
tions (about 75%) were acquired with Chandra/ACIS, and
the rest of them with ROSAT/HRI or XMM-Newton, with
resolutions between 1′′− 5′′ which is acceptable for our pur-
poses. This selection resulted in X-ray data for 175 LLAGN.
As different instruments have been used with different tech-
niques, all X-ray luminosities were converted to the standard
bandpass of 2-10 keV using the best fit spectral slope avail-
able in the literature. When not available, a photon index of
Γ = 1.8 was assumed. The details of the X-ray analysis are
described in Ho (2009).
Among the four AGN detected in γ-rays in this work
(see Section 5), NGC 315, NGC 4261 and NGC 4486 were
observed with Chandra, while NGC 1275 was observed with
XMM-Newton.
3.2 Radio
The radio data we adopted are from the Very Large
Array (VLA) survey of LLAGN by Nagar et al. (2000, 2002,
2005) with angular resolution of ∼ 0.15′′. All but four of the
Palomar sample LLAGN have been observed at sub-parsec
resolution with the VLA at 15 GHz. The exceptions are
NGC 5850, NGC 5970, NGC 5982 and NGC 5985 and none
of them are expected to be detected in the radio survey, as
their measured fluxes at 1.4-5 GHz with 1′′ − 5′′ resolution
are less than 1 mJy (Hummel et al. 1987; Wrobel & Heeschen
1991).
4 SPECTRAL MODELS
In order to make sense of the best-sampled multiwave-
length broadband SEDs among our targets and contrast dif-
ferent possible origins for the electromagnetic emission, we
used two different models. In the first model, we assumed
that the emitting particles are located in a relativistic jet
while in the second one the emission comes from the RIAF,
as appropriate for sub-Eddington LLAGN.
The jet model consists of a spherical blob moving at rel-
ativistic speeds filled with nonthermal electrons – the usual
homogeneous one-zone SSC model (Finke et al. 2008) which
has been successfully applied to explain the SEDs of sev-
eral radio galaxies observed with the LAT (e.g. Abdo et al.
MNRAS 000, 1–11 (2020)
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Source TS TScomp Γ Γcomp Energy flux Energy fluxcomp
10−12 erg cm−2 s−1 10−12 erg cm−2 s−1
NGC 315 90.09 90.66 2.32 ± 0.11 2.33 ± 0.11 3.38 ± 0.43 3.40 ± 0.43
NGC 4261 46.22 47.80 2.15 ± 0.16 2.12 ± 0.15 2.15 ± 0.42 2.19 ± 0.43
NGC 4374 15.01 15.49 2.05 ± 0.20 2.08 ± 0.21 1.09 ± 0.38 1.12 ± 0.38
NGC 4151 11.05 13.05 1.99 ± 0.29 2.14 ± 0.28 0.72 ± 0.30 0.83 ± 0.32
Table 1. Comparison between the values obtained in the main analysis and in the complementary analysis (tagged with the subscript).
The complementary analysis was computed with an extra iteration with DRMNFB minimizer and with all sources within a circle with
7◦ radius from the ROI center free to vary. The results are in agreement with the main analysis within the error bars.
2009b; Abdo et al. 2009a; Fermi LAT Collaboration 2010a;
Aleksic´ et al. 2014b). The blob moves with a bulk Lorentz
factor Γj = (1 − β)−1/2 (where the jet speed is βc) at an
angle to the line of sight θ. This gives a Doppler factor
δD = [Γj (1 − β cos θ)]−1. We use a broken power-law elec-
tron distribution,
Ne(γ) ∝

0 γ < γmin
γ−p1 γ < γbreak
γ−p2 γbreak < γ
0 γmax < γ
, (1)
where γ is the electron Lorentz factor and p1, p2, γbreak,
γmin, and γmax are free parameters. Other parameters for this
model include the comoving blob radius Rb and the comov-
ing magnetic field strength B. We adopted the parameters
Γj = 1.5, γmin = 1.0 and p2 = 3.0 (see e.g., Finke 2013).
For the RIAF emission model, we used a semi-analytical
approach to treat the radiation from the accretion flow in
which its structure is considered stationary assuming an α-
viscosity and a pseudo-Newtonian gravity appropriate for
a Schwarzschild black hole, while the radiative transfer is
treated in considerable detail (e.g. Nemmen et al. 2006,
2014). For simplicity, when modeling the RIAF emission we
do not consider the contribution to the emission by an op-
tically thick, geometrically thin accretion disk. The main
parameters of this model are described below. We incor-
porated the presence of mass loss from the accretion flow
through winds by modifying the RIAF density profile, with
the parameter s describing the radial variation of the accre-
tion rate as ÛM(R) = ÛMo (R/Ro)s (or ρ(R) ∝ R−3/2+s) whereÛMo is the rate measured at the outer radius Ro of the RIAF
(Blandford & Begelman 1999). The other parameters that
describe the RIAF solution are the black hole mass M•; the
viscosity parameter α; the modified plasma β parameter,
defined as the ratio between the gas and total pressures,
β = Pg/Ptot; the fraction of energy dissipated via turbu-
lence that directly heats electrons δ; and the adiabatic index
γa. Following Nemmen et al. (2014), in our calculations we
adopted the typical choice of parameters α = 0.3, β = 0.9,
γa = 1.5 and Ro = 104RS .
One novelty in this work is that in addition to com-
puting the electromagnetic radiation spectrum of electrons
which can explain the observed radio-to-X-ray emission (e.g.
Almeida et al. 2018), we also take into account the contribu-
tion of the proton population. Incorporating hadronic emis-
sion is essential in order to be able to model the Fermi-LAT
observations and assess whether they can be explained by a
RIAF scenario.
For the leptonic part, we considered the synchrotron,
inverse Compton scattering and bremsstrahlung processes
due to a thermal distribution of electrons. For the hadronic
part, the flow temperatures are so high (see Yuan & Narayan
2014) that proton-proton collisions create neutral pions
which subsequently decay into γ-rays (Mahadevan et al.
1997). We considered the presence of a small fraction of
nonthermal protons following a power-law energy distribu-
tion which is properly normalized following Mahadevan et al.
(1997). The pion decay spectrum itself was calculated using
Naima5 v0.8.3 (Zabalza 2015), which uses a parametrization
for the integral cross-section, pion production rates and pho-
ton energy spectra from p-p interactions based on Monte
Carlo simulations (Kafexhiu et al. 2014). A power-law in-
dex of 2.3 was assumed for the proton energy distribution
function, consistent with general expectations of particle ac-
celeration theories (e.g. Sironi & Spitkovsky 2014).
We now describe our modeling approach for the syn-
chrotron/SSC one-zone jet and the RIAF. For a given tar-
get, we first searched the literature for important empirical
priors for our modeling such as the black hole mass and jet
inclination angle—which is relevant only for the jet model
since the RIAF emission is roughly isotropic—and fixed the
values of those parameters in the models to the measured
ones.
For the jet model, we fixed the jet angle θ to the val-
ues available in Canvin et al. (2005) and Piner et al. (2001)
for NGC 315 and NGC 4261, respectively. Part of the radio
emission was considered to contribute as upper limits to the
one-zone emission, as it likely comes from a larger region
than the one responsible for the rest of the multiwavelength
emission. For both NGC 315 and NGC 4261 it was not pos-
sible to fit the X-ray together with all of the γ-ray emission
with a single SSC component from the same population of
electrons (see Section 5).
We divided the RIAF modeling process in two parts.
In the first, we allowed the parameters ÛMo, s and δ to vary
in an iterative way, where we changed individually the pa-
rameters, keeping the others fixed, until we find the set of
values that best reproduces visually the mm-to-X-ray ob-
servations, as previously done in other works (e.g. Almeida
et al. 2018). These bands comprise the synchrotron and in-
verse Compton emission of the leptonic population. Once
we have fixed the parameters using the leptonic model, they
determine the radial structure of the accretion flow such as
the electron and proton number density and temperature.
As a post-processing step, we used the proton radial profiles
as inputs to calculate the γ-ray contribution of the hadronic
population.
5 https://github.com/zblz/naima
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Name type Dist. (Mpc) log(L15GHz ) log(Lx ) log(Lγ ) Γ TS
NGC 1275 Seyfert 1.5 70 41.42 42.86 44.30 ± 0.01 2.10 ± 0.01 132350
NGC 4486 LINER 2 16 40.14 40.78 41.83 ± 0.02 2.04 ± 0.03 1629
NGC 315 LINER 1.9 65 40.57 41.63 42.20 ± 0.06 2.32 ± 0.11 90
NGC 4261 LINER 2 35 39.83 40.59 41.50 ± 0.08 2.15 ± 0.16 46
Table 2. The 4 AGN in the Palomar sample detected in γ-rays. The columns give the name, nuclear spectral type, distance, the radio,
X-ray and γ-ray luminosities in erg/s, the γ-ray power-law spectral index (Γ) and the TS. Radio and X-ray data were taken from Nagar
et al. (2005) and Ho (2009), respectively. The distances adopted for calculating the γ-ray luminosities, assumed as isotropic, were taken
from Nagar et al. (2005).
5 RESULTS
The four AGN detected with TS > 25 by the Fermi-
LAT—i.e. with significant γ-ray emission—are listed in Ta-
ble 2 along with their radio, X-ray and γ-ray luminosities,
and spectral type. They are all known radio galaxies, includ-
ing the familiar γ-ray emitters M87 and NGC 1275 (Abdo
et al. 2009b; Abdo et al. 2009a; Nemmen et al. 2018).
Figure 1 shows the relation between the radio and γ-ray
luminosities for the sample. Interestingly, the four nuclei de-
tected in γ-rays are also the radio-brightest objects in the
Palomar sample, corresponding to FRI radio galaxies (Fa-
naroff & Riley 1974; Venturi et al. 1993; Sambruna et al.
2003; Nagar et al. 2005).
In order to assess any possible correlation between the
γ-ray and radio luminosities in Figure 1 in the presence of
data with left-censoring (upper limits), we have performed
two different tests: the Cox’s regression based on the pro-
portional hazard model (Cox 1972; Isobe et al. 1986) and
the Akritas-Thiel-Sen (ATS) Kendall τ-rank correlation test
(Feigelson & Babu 2012). We performed Cox’s regression us-
ing the ASURV package (Lavalley et al. 1992) and obtain the
probability PCox = 0.03 that no correlation exists. Following
Feigelson & Babu (2012), we computed the ATS Kendall τ
correlation coefficient using R and the NADA6 package, finding
τ = 0.04 with the associated probability PATS = 0.4 that no
correlation is present. The two methods give conflicting re-
sults, with the ATS method giving more conservative results
and suggesting no correlation whereas the Cox’s method
suggests a possible correlation with low significance (null
hypothesis can be rejected at the 2.1σ level). We conclude
that there is a weak evidence for a γ-ray-radio correlation
considering all upper limits.
For the fit in Figure 1 we used the Bayesian linear re-
gression method LINMIX_ERR package7 that takes into ac-
count both measurement errors and non-detections (Kelly
2007). The fit gives:
log Lγ = (1.30 ± 0.12) log Lradio + (−10.33 ± 4.61). (2)
Even though the slope of the linear regression is large, one
should keep in mind the low significance of the radio-γ-ray
correlation as obtained from the nonparametric Cox and
ATS methods.
Figure 2 shows the relation between the γ-ray and X-ray
(2–10 keV) luminosities for the sample. Interestingly, most of
the brightest X-ray AGN have not been detected in γ-rays,
which may indicate that most of the X-ray emission in these
γ-ray-faint nuclei is probably not powered by a jet (Markoff
6 https://CRAN.R-project.org/package=NADA
7 https://github.com/jmeyers314/linmix
Figure 1. The γ-ray luminosity (100 MeV – 300 GeV) as a func-
tion of radio luminosity (15 GHz) for the AGN in the Palomar
sample. The arrows indicate upper limits. The filled red circles in-
dicate the significant detections in γ-rays. The solid line shows the
linear regression fit to the data taking into account measurements
and non-detections (upper limits). The shaded regions around the
line display the 1σ credibility bands for each fit. All values for
upper limits are available in Appendix A.
et al. 2001, 2003), but instead coming from the accretion flow
itself (Veledina et al. 2013). This hypothesis is reinforced by
the fact that most of these X-ray-bright AGN are relatively
faint in radio (Nagar et al. 2005). Applying the Cox and
ATS correlation tests, we find PCox = 0.3 and PATS = 0.4
taking into account all upper limits. Therefore, there is no
correlation between Lγ and LX in the sample except perhaps
for the γ-ray-bright sources (red points in Figure 2). Indeed,
these four AGN are known by having powerful jets or bub-
bles resolved in X-rays (Young et al. 2002; Gonzalez-Martin
et al. 2006; Worrall et al. 2010; Fabian et al. 2015), thus
meaning that their jets can significantly contribute to their
X-ray emission.
In order to probe the nature of the observed Fermi-
LAT emission in our sample—i.e. do the γ-rays originate
in the jet or in the accretion flow?— we explored the two
models described in section 4: jet and RIAF. The radiation
in the jet model is purely of leptonic origin while in the RIAF
it is a combination of leptonic and hadronic processes. We
proceed by comparing their radio-to-γ-rays SEDs with the
two models. We would like to emphasize that the adopted
MNRAS 000, 1–11 (2020)
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Figure 2. The γ-ray luminosity as a function of the X-ray lumi-
nosity (2 – 10 keV) for the AGN in the Palomar sample. Most
bright X-ray AGN are not detected in γ-rays.
multiwavelength data are not simultaneous, with the radio-
to-X-ray observations being collected from 1996 up to 2014
(see references in Table 3), making it difficult to consistently
fit the whole SED with a single model.
Two of the strong γ-ray sources have already been well-
explained in terms of synchrotron/SSC jet models: M87
and NGC 1275 (e.g. Abdo et al. 2009b; Abdo et al. 2009a;
Tanada et al. 2018). For this reason, we choose to perform a
detailed modeling for the other two sources, NGC 315 and
NGC 4261. The jet inclinations were 38◦ ± 2◦ (NGC 315,
Canvin et al. 2005) and 63◦ ± 3◦ (NGC 4261, Piner et al.
2001), respectively. All data points used to assemble the
SEDs correspond to the core emission. The infrared data
is likely contaminated by dust emission, so the observations
in this band are treated as upper limits to the jet emission.
The result from modeling the SED of NGC 315 with the
jet scenario is displayed in the left panel of Figure 3. The X-
ray spectrum and the lowest LAT energy bins (E < 5 GeV)
are adequately reproduced with a SSC component. However,
the highest energy LAT emission (E > 5 GeV) cannot be
explained by jet SSC emission and could be from yet another
component which we have not taken into account. The jet
model parameters are displayed in Table 4. The model fitted
to the data is not rigorous, but rather obtained through
visual inspection and iterative calculations, and the values
of the parameters in Table 4 are not unique. Another feature
of the jet model is that it unperpredicts the radio emission,
but this happens because the observed radio emission likely
comes from a different region than that of the rest of the
SED.
For the RIAF modeling, the adopted SMBH masses
were 7.9 × 108M for NGC 315 (Woo & Urry 2002) and
5.2×108M for NGC 4261 (Tremaine et al. 2002). The right
panel in Figure 3 indicates the best RIAF model found for
NGC 315 and the corresponding parameters are listed in
Table 5. It is known that the compact radio emission in
LLAGN is underpredicted by models which only incorpo-
ν (Hz) νLν (erg s
−1) Reference
1.40E+09 2.86E+39 a
2.50E+09 5.28E+39 b
5.00E+09 9.11E+39 c
1.50E+10 3.68E+40 c
8.62E+10 (2.28 ± 0.13)E+41 d
2.29E+11 (3.08 ± 0.23)E+41 d
3.75E+13 (1.47 ± 0.08)E+42 e
5.17E+13 (7.72 ± 0.59)E+41 e
6.67E+13 (4.63 ± 0.45)E+41 e
8.33E+13 (2.95 ± 0.35)E+41 e
3.68E+14 2.00E+41 f
5.40E+14 9.48E+40 f
(4.8–24)E+17 4.36E+41 g
1.63E+09 2.40E+38 h
5.00E+09 5.88E+38 c
8.39E+09 1.24E+39 h
1.50E+10 6.71E+39 c
1.66E+13 (5.39 ± 0.24)E+41 i
2.50E+13 (4.79 ± 1.10)E+41 i
3.64E+14 6.03E+39 j
4.41E+14 4.60E+39 j
5.41E+14 3.96E+39 j
(4.8–24)E+17 1.03E+41 k
Table 3. SED data for NGC 315 (top section) and NGC 4261
(bottom section). The references are aCapetti et al. (2005), bLazio
et al. (2001), cNagar et al. (2005), dAgudo et al. (2014), eGu
et al. (2007), fVerdoes Kleijn et al. (2002), gGonzalez-Martin et al.
(2006), hJones & Wehrle (1997), iAsmus et al. (2014), jFerrarese
et al. (1996) and kZezas et al. (2005).
rate a thermal distribution of electrons in the RIAF (e.g.
Yu et al. 2011; Liu & Wu 2013; Nemmen et al. 2014) and we
find the same behavior here for NGC 315 as well as NGC
4261. By including the synchrotron emission of a relativistic
jet modeled following Nemmen et al. (2014), the radio emis-
sion can be accounted for, as the figure illustrates. The RIAF
leptonic emission is able to broadly account for the 1µm ob-
servations and fits the X-ray continuum emission very well.
However, the associated hadronic emission fails to reproduce
the Fermi-LAT observations, underpredicting the γ-ray lu-
minosity by about two orders of magnitude.
The results from modeling the SED of NGC 4261 with
the jet and RIAF scenarios are displayed in Figure 4. Similar
to the case of NGC 315, observations at E < 500 MeV are
adequately reproduced with an SSC component while the
E > 500 MeV data are not. The X-ray spectrum is overpre-
dicted by SSC emission, while the radio spectrum is overall
adequately fitted by the jet synchrotron emission.
As before, the RIAF model severely underpredicts the
radio emission which can be accounted by synchrotron emis-
sion from the misaligned jet. The comptonized RIAF emis-
sion accounts for the overall X-ray luminosity even though
it does not fit the spectrum in detail. As was found for
NGC 315, the RIAF hadronic emission fails to reproduce
the Fermi-LAT observations, underpredicting the γ-ray lu-
minosity by a factor of four.
To probe the size of their γ-ray emitting regions, we
generated γ-ray photon flux light curves with 6 and 3 month
bins for both NGC 315 and 4261, starting on August 2008 up
to November 2018. The lack of significant variability, how-
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Figure 3. Comparison between observed and modelled SEDs for NGC 315. The infrared data were considered as upper limits during
the fits, as they are likely contaminated by dust emission. Left: one-zone jet model (solid orange lines) where the first and second
bumps correspond to the synchrotron and SSC emission components, respectively. Right: RIAF model with thermal lepton (dashed
blue) and non-thermal hadronic (green solid) components. The dotted line indicates an illustrative purely synchrotron jet model capable
of reproducing the radio observations. The references corresponding to observations taken from other works are listed in Table 3.
Parameter Symbol NGC 315 NGC 4261
Maximum electron Lorentz factor γmax 2.7 × 104 2.0 × 104
Break electron Lorentz factor γbrk 2.0 × 103 3.0 × 103
Lower electron spectral index p1 2.0 1.8
Doppler factor δD 1.6 1.0
Blob radius [cm] R′
b
1.7 × 1016 2.1 × 1016
Jet power in electrons [erg/s] Pj,e 3.3 × 1043 2.7 × 1043
Jet power in magnetic field [erg/s] Pj,B 1.5 × 1041 1.2 × 1041
Comoving magnetic field [G] B 0.2 0.15
Table 4. SSC model parameters for NGC 315 and NGC 4261. We fixed the following parameters to their typical choices: Γj = 1.5,
γmin = 1.0 and p2 = 3.0 (see Section 4).
Figure 4. Comparison between observed and modelled SEDs for NGC 4261 following the same aesthetic conventions used in Figure 3.
Left: one-zone synchrotron/SSC jet model. Right: RIAF model. The references corresponding to observations taken from other works
are listed in Table 3.
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Parameter NGC 315 NGC 4261
ÛMo 8.9 × 10−3 3.0 × 10−2
s 0.50 0.91
δ 0.3 0.3
Table 5. Best fit parameters for the RIAF model as applied to
NGC 315 and NGC 4261, where ÛMo is the accretion rate mea-
sured at the outer radius Ro of the RIAF in ÛMEdd units, s is
the index describing the radial variation of the accretion rate due
to mass loss in RIAF outflows and δ is the fraction of energy
dissipated via turbulence directly heating electrons. We fixed the
parameters Ro = 104RS , γ = 1.5, α = 0.3 and β = 0.9 to their
typical choices (see Section 4).
ever, did not allow for any precise conclusion. These results
are in agreement with Abdo et al. (2010b) and Grandi et al.
(2013), where they found that FRI galaxies are generally
characterized by quiescent γ-ray light curves. Such behav-
ior can be due to the presence of a more structured jet in
FRIs, with most of the γ-ray emission being produced in less
beamed more extended regions Grandi et al. (2013), like the
extended emission observed for Centaurus A (Fermi LAT
Collaboration 2010b).
6 DISCUSSION
The four γ-ray bright LLAGN in the Palomar sample
consist of misaligned radio galaxies, each displaying resolved,
kpc-scale radio jets (Jones & Wehrle 1997; Junor et al. 1999;
Cotton et al. 1999; Walker et al. 2000). A comparison of
models to the SEDs of these sources indicate that they are
well described by a jet-dominated model in the form of a one-
zone synchrotron/SSC jet scenario (cf. previous section),
similarly to blazars (e.g. Finke 2013; Ghisellini & Tavecchio
2015). It was also found that models invoking the origin of
the electromagnetic radiation in a RIAF failed to explain
the Fermi-LAT observations while being able to reproduce
the radio-to-X-ray emission. Since the γ-ray-bright LLAGN
consist of powerful radio galaxies, it is not entirely unex-
pected that their emission can be dominated by a jet even
if misaligned to the observer’s line of sight.
Unfortunately, the other 193 LLAGN were not detected
by Fermi-LAT (TS < 25) and provided only upper lim-
its (Appendix A). Two of these sources, namely NGC 4374
(M84) and NGC 4151, present a shy γ-ray emission above
the 3σ level (TS > 9) and may contribute to the corre-
lation seen in Figure 1 in the next few years, when more
Fermi-LAT data will be available. Despite the small num-
ber of detections, it is still possible to use the hint of corre-
lation between the luminosities in the γ-ray band with the
radio and X-ray ones and make educated guesses for the pro-
duction site of high-energy photons in the sample. A weak
radio-γ-ray correlation was found in the sample where only
the radio-brightest LLAGN were actually detected in γ-rays.
On the other hand, no X-ray/γ-ray correlation was found,
with most X-ray bright sources not being observed in γ-rays.
These results are interpreted as pointing to a different origin
for the γ-ray and radio radiation compared to the X-rays.
The γ-rays would be produced in the jet which also produce
the seed radio photons which are upscattered to high ener-
gies, disfavoring models where the γ-ray emission is coming
from hadronic interactions in the RIAF.
The lack of correlation between γ-rays and X-rays (Fig-
ure 2) can be interpreted as the X-ray photons being mostly
produced in the RIAF when the LLAGN presents no γ-
ray emission. In summary, this suggests that different par-
ticle populations are responsible for the different parts of
the spectrum in LLAGN as opposed to models that in-
voke the same particle populations as being responsible for
the entirety of the electromagnetic broadband emission (e.g.
Markoff et al. 2005; Khiali et al. 2015). On the other hand,
the X-rays directly scales with the γ-rays for the four γ-ray-
bright AGN (Figure 2), indicating that for these few AGN
with very powerful jets, the jets significantly contribute to
the X-ray emission. We stress that these four AGN are well
known by presenting jets or even bubbles resolved in X-rays
(Young et al. 2002; Gonzalez-Martin et al. 2006; Worrall
et al. 2010; Fabian et al. 2015).
These results are not easily accommodated in the con-
text of models which predict the relative spectral domi-
nance of the RIAF versus the jet, such as the one pro-
posed by Yuan & Cui (2005). According to Yuan & Cui
(2005), the X-ray emission of the system should be domi-
nated by the jet rather than by the RIAF when LX < LX,crit,
where LX,crit(M) ∝ M−0.17 is a critical value according to
which LX,crit(108M) = 2.4×1039 erg s−1 and LX,crit(109M) =
1.6×1040 erg s−1. In the present sample, all four γ-ray-bright
LLAGN have LX > LX,crit but are well-explained by jet-
dominated models. Given the absence of a Lγ − LX correla-
tion, for most of the sample the X-rays should not be coming
from the jet which is in conflict with Yuan & Cui’s prediction
since most LLAGN are typified by LX < LX,crit.
The resulting parameters for the jet models as ap-
plied to NGC 315 and NGC 4261 are typical of other low-
power radio galaxies (e.g. Abdo et al. 2009b; Abdo et al.
2009a; Tanada et al. 2018), with lower Doppler factors com-
pared to BL Lacs (e.g. Costamante et al. 2018). Such low-
power radio galaxies are on the threshold of detection with
Fermi-LAT. Future observations of the Palomar sample with
higher-sensitivity γ-ray observatories such as the Cherenkov
Telescope Array (CTA; Hassan et al. 2017) and the All-
sky Medium Energy Gamma-ray Observatory (AMEGO;
McEnery et al. 2019) should produce more detections of
LLAGN. AMEGO is particularly interesting for this pur-
pose as our analysis (Figures 3 and 4) indicate that the peak
output energy is in the soft γ-ray region of the SEDs. In-
deed, LLAGN like NGC 4374 (M84) and NGC 4151 may be
the best candidates for future observations, given their com-
puted TS values of 15 and 11, respectively (see Appendix
A).
The highest energy observations in Figures 3 and 4 do
not agree well with the SSC emission from the jet model.
This suggests that a one-zone synchrotron/SSC interpreta-
tion for the whole SEDs of NGC 315 and NGC 4261 does
not provide a complete explanation for the SEDs. To test
for a possible hardening of the spectra starting at few GeV,
similar to what is observed for Centaurus A (Abdalla et al.
2018), two more models were fitted to the γ-ray data: a Bro-
ken Power-law and a Log Parabola with a concave upwards
shape. Both models, however, are less significant than a sim-
ple power-law model, suggesting that the hardening is not
statistically significant for the γ-ray spectra.
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Finally, if the weak γ-ray-radio correlation holds, it dis-
favours models where the γ-ray emission is generated by
particles accelerated in a magnetospheric gap in the sur-
roundings of the SMBH (Levinson & Rieger 2011; Rieger
2011; Hirotani 2018; Rani 2019). In this magnetospheric
gap scenario, the γ-ray luminosity increases with decreas-
ing accretion rate, and thus an anti-correlation between the
magnetospheric gap γ-ray emission and RIAF radio emis-
sion is predicted (Hirotani 2018). On the other hand, the
high-energy emission originating in the jet is expected to
naturally correlate with the jet radio synchrotron emission
(Max-Moerbeck et al. 2014; Ramakrishnan et al. 2015). Our
data thus point to a jet origin for the observed radio and
γ-ray emissions, although we stress that the observed γ-ray-
radio correlation shown in Figure 1 is relatively weak.
7 CONCLUSIONS
This is the first systematic study of the emission proper-
ties of supermassive black holes accreting at low rates in the
γ-ray energy band, where we have analyzed 10.25 years of
Fermi-LAT observations of LLAGN in the Palomar sample.
Our main conclusions can be summarized as follows:
(i) Of the 197 LLAGN in the Palomar sample, only four
sources were detected in γ-rays with significance above 5σ
(TS > 25). These four sources correspond to misaligned FRI
radio galaxies, each displaying kpc-scale radio jets: NGC
315, NGC 1275, NGC 4261 and NGC 4486 (M87).
(ii) The presence of radio jets in LLAGN seems to be
a necessary condition for observing a significant γ-ray coun-
terpart: the four γ-ray-bright sources are also the radio-
brightest in the sample and we see a possible hint of correla-
tion between γ-ray and radio luminosities, which disfavours
RIAF and magnetospheric gap models for γ-ray emission.
(iii) The presence of strong X-ray emission does not
necessarily imply high γ-ray luminosity: only one of the γ-
ray-bright sources is among the seven X-ray-brightest and
we find no correlation between LX and Lγ.
(iv) We interpret the above results as indicating that
in most LLAGN the γ-ray and radio emission are produced
in the relativistic jet while the X-rays are coming from the
accretion flow.
(v) We performed a detailed comparison of RIAF and
jet models to the SEDs of NGC 315 and NGC 4261. We
have found that they are well-described by a jet-dominated
model in the form of a one-zone synchrotron/SSC leptonic
scenario, similar to blazars and other FRI radio galaxies.
The hadronic emission from the RIAF failed to explain the
Fermi-LAT observations.
(vi) The jet model is unable to reproduce the spectrum
at energies above 1 GeV, suggesting that a more complex,
multi-component model may be more appropriate to account
for the high-energy tail of Fermi-LAT observations. A more
detailed analysis of the observations indicate that the hard-
ening at > 1 GeV is not significant.
Future observational campaigns focused on LLAGN
with CTA and AMEGO should produce more γ-ray detec-
tions of sub-Eddington active SMBHs.
ACKNOWLEDGEMENTS
This work was supported by FAPESP (Fundac¸a˜o de
Amparo a` Pesquisa do Estado de Sa˜o Paulo) under grants
2016/25484-9, 2018/24801-6 (R.M.), 2017/01461-2 (R.N.),
2016/24857-6 and 2019/10054-7 (I.A.). J.D.F. was sup-
ported by NASA under contract S-15633Y. We thank Si-
mone Garrappa, Vaidehi Paliya, Fabio Cafardo and the
anonymous referee for the constructive comments allowing
us to improve the manuscript.
The Fermi-LAT Collaboration acknowledges generous
ongoing support from a number of agencies and institutes
that have supported both the development and the opera-
tion of the LAT as well as scientific data analysis. These
include the National Aeronautics and Space Administration
and the Department of Energy in the United States, the
Commissariat a` l’Energie Atomique and the Centre National
de la Recherche Scientifique / Institut National de Physique
Nucle´aire et de Physique des Particules in France, the Agen-
zia Spaziale Italiana and the Istituto Nazionale di Fisica Nu-
cleare in Italy, the Ministry of Education, Culture, Sports,
Science and Technology (MEXT), High Energy Accelerator
Research Organization (KEK) and Japan Aerospace Explo-
ration Agency (JAXA) in Japan, and the K. A. Wallenberg
Foundation, the Swedish Research Council and the Swedish
National Space Board in Sweden.
Additional support for science analysis during the op-
erations phase is gratefully acknowledged from the Istituto
Nazionale di Astrofisica in Italy and the Centre National
d’E´tudes Spatiales in France. This work performed in part
under DOE Contract DE-AC02-76SF00515.
REFERENCES
Abdalla H., et al., 2018, A&A, 619, A71
Abdo A. A., et al., 2009a, ApJ, 699, 31
Abdo A. A., et al., 2009b, ApJ, 707, 55
Abdo A. A., et al., 2010a, ApJ, 720, 912
Abdo A., et al., 2010b, The Astrophysical Journal, 720, 912
Ackermann M., et al., 2012, ApJ, 747, 104
Agudo I., Thum C., Go´mez J., Wiesemeyer H., 2014, A&A, 566,
A59
Aleksic´ J., et al., 2014a, Science, 346, 1080
Aleksic´ J., et al., 2014b, A&A, 564, A5
Almeida I., Nemmen R., Wong K.-W., Wu Q., Irwin J. A., 2018,
MNRAS, 475, 5398
Asmus D., Ho¨nig S., Gandhi P., Smette A., Duschl W., 2014,
MNRAS, 439, 1648
Atwood W. B., et al., 2009, ApJ, 697, 1071
Atwood W., et al., 2013, arXiv preprint arXiv:1303.3514
Barthelmy S. D., et al., 2005, Space Sci. Rev., 120, 143
Blandford R. D., Begelman M. C., 1999, MNRAS, 303, L1
Canvin J., Laing R., Bridle A., Cotton W., 2005, MNRAS, 363,
1223
Capetti A., Kleijn G. V., Chiaberge M., 2005, A&A, 439, 935
Costamante L., Bonnoli G., Tavecchio F., Ghisellini G., Taglia-
ferri G., Khangulyan D., 2018, MNRAS, 477, 4257
Cotton W., Feretti L., Giovannini G., Lara L., Venturi T., 1999,
ApJ, 519, 108
Cox D. R., 1972, Journal of the Royal Statistical Society. Series
B (Methodological), 34, 187
Cusumano G., et al., 2010, A&A, 524, A64
Event Horizon Telescope Collaboration et al., 2019, ApJ, 875, L1
MNRAS 000, 1–11 (2020)
10 de Menezes et al.
Fabian A., Walker S., Pinto C., Russell H., Edge A., 2015, MN-
RAS, 451, 3061
Fanaroff B., Riley J., 1974, MNRAS, 167, 31P
Feigelson E. D., Babu G. J., 2012, Modern Statistical Methods
for Astronomy
Fermi LAT Collaboration 2010a, Science, 328, 725
Fermi LAT Collaboration 2010b, Science, 328, 725
Ferrarese L., Ford H. C., Jaffe W., 1996, ApJ, 470, 444
Finke J. D., 2013, ApJ, 763, 134
Finke J. D., Dermer C. D., Bo¨ttcher M., 2008, ApJ, 686, 181
Genzel R., Eisenhauer F., Gillessen S., 2010, Reviews of Modern
Physics, 82, 3121
Ghisellini G., Tavecchio F., 2015, MNRAS, 448, 1060
Gonzalez-Martin O., Masegosa J., Ma´rquez I., Guerrero M. A.,
Dultzin-Hacyan D., 2006, A&A, 460, 45
Grandi P., Torresi E., De Rosa A., Raino´ S., Malaguti G., 2013,
in EPJ Web of Conferences. p. 04007
Gu Q.-S., Huang J.-S., Wilson G., Fazio G., 2007, ApJ, 671, L105
Halpern J. P., Steiner J. E., 1983, ApJ, 269, L37
Hassan T., et al., 2017, Astroparticle Physics, 93, 76
Hirotani K., 2018, Galaxies, 6, 122
Ho L. C., 2008, ARA&A, 46, 475
Ho L. C., 2009, ApJ, 699, 626
Ho L. C., Filippenko A. V., Sargent W. L., 1995, ApJS, 98, 477
Ho L. C., Filippenko A. V., Sargent W. L. W., 1997, ApJ, 487,
568
Hummel E., Van der Hulst J., Keel W., Kennicutt R., et al., 1987,
AAS, 70, 517
Ichimaru S., 1977, ApJ, 214, 840
Isobe T., Feigelson E. D., Nelson P. I., 1986, The Astrophysical
Journal, 306, 490
Jones D. L., Wehrle A. E., 1997, ApJ, 484, 186
Junor W., Biretta J. A., Livio M., 1999, Nature, 401, 891
Kafexhiu E., Aharonian F., Taylor A. M., Vila G. S., 2014, Phys.
Rev. D, 90, 123014
Kelly B. C., 2007, ApJ, 665, 1489
Khiali B., de Gouveia Dal Pino E. M., Sol H., 2015, preprint,
(arXiv:1504.07592)
Lavalley M., Isobe T., Feigelson E., 1992, in Worrall D. M.,
Biemesderfer C., Barnes J., eds, Astronomical Society of the
Pacific Conference Series Vol. 25, Astronomical Data Analysis
Software and Systems I. p. 245
Lazio T. J. W., Waltman E. B., Ghigo F. D., Fiedler R. L., Foster
R. S., Johnston K. J., 2001, ApJS, 136, 265
Levinson A., Rieger F., 2011, The Astrophysical Journal, 730, 123
Liu H., Wu Q., 2013, ApJ, 764, 17
Ly C., Walker R. C., Wrobel J., 2004, AJ, 127, 119
Mahadevan R., Narayan R., Krolik J., 1997, ApJ, 486, 268
Markoff S., Falcke H., Yuan F., Biermann P. L., 2001, Astronomy
& Astrophysics, 379, L13
Markoff S., Nowak M., Corbel S., Fender R., Falcke H., 2003,
A&A, 397, 645
Markoff S., Nowak M. A., Wilms J., 2005, ApJ, 635, 1203
Massaro F., Thompson D. J., Ferrara E. C., 2016, A&ARv, 24, 2
Mattox J. R., et al., 1996, ApJ, 461, 396
Max-Moerbeck W., et al., 2014, Monthly Notices of the Royal
Astronomical Society, 445, 428
McEnery J., et al., 2019, arXiv preprint arXiv:1907.07558
Mezcua M., Prieto M. A., 2014, ApJ, 787, 62
Mundell C., Wrobel J., Pedlar A., Gallimore J., 2003, ApJ, 583,
192
Nagar N. M., Falcke H., Wilson A. S., Ho L. C., 2000, ApJ, 542,
186
Nagar N. M., Falcke H., Wilson A. S., Ulvestad J. S., 2002, A&A,
392, 53
Nagar N. M., Falcke H., Wilson A. S., 2005, A&A, 435, 521
Narayan R., Yi I., 1994, ApJ, 428, L13
Nemmen R. S., Storchi-Bergmann T., Yuan F., Eracleous M.,
Terashima Y., Wilson A. S., 2006, ApJ, 643, 652
Nemmen R. S., Bower R. G., Babul A., Storchi-Bergmann T.,
2007, MNRAS, 377, 1652
Nemmen R. S., Storchi-Bergmann T., Eracleous M., 2014, MN-
RAS, 438, 2804
Nemmen R., de Menezes R., Paschalidis V., 2018, arXiv e-prints,
p. arXiv:1811.07215
Novikov I. D., Thorne K. S., 1973, in Dewitt C., Dewitt B. S.,
eds, Black Holes (Les Astres Occlus). pp 343–450
Oka K., Manmoto T., 2003, MNRAS, 340, 543
Petropoulou M., Giannios D., Sironi L., 2016, MNRAS, 462, 3325
Piner B. G., Jones D. L., Wehrle A. E., 2001, AJ, 122, 2954
Ramakrishnan V., Hovatta T., Nieppola E., Tornikoski M., La¨h-
teenma¨ki A., Valtaoja E., 2015, Monthly Notices of the Royal
Astronomical Society, 452, 1280
Rani B., 2019, Galaxies, 7, 23
Rees M. J., Begelman M. C., Blandford R. D., Phinney E. S.,
1982, Nature, 295, 17
Rieger F. M., 2011, International Journal of Modern Physics D,
20, 1547
Sambruna R., Gliozzi M., Eracleous M., Brandt W., Mushotzky
R., 2003, ApJ, 586, L37
Shakura N. I., Sunyaev R. A., 1973, A&A, 24, 337
Sikora M., Begelman M. C., 2013, ApJ, 764, L24
Sironi L., Spitkovsky A., 2014, ApJ, 783, L21
Spada M., Ghisellini G., Lazzati D., Celotti A., 2001, MNRAS,
325, 1559
Takami H., 2011, MNRAS, 413, 1845
Tanada K., Kataoka J., Arimoto M., Akita M., Cheung C. C.,
Digel S. W., Fukazawa Y., 2018, ApJ, 860, 74
Tchekhovskoy A., 2015, in Contopoulos I., Gabuzda D., Kylafis
N., eds, Astrophysics and Space Science Library Vol. 414, As-
trophysics and Space Science Library. p. 45, doi:10.1007/978-
3-319-10356-3 3
Teng S. H., Mushotzky R. F., Sambruna R. M., Davis D. S.,
Reynolds C. S., 2011, The Astrophysical Journal, 742, 66
The Fermi-LAT collaboration 2019, arXiv e-prints, p.
arXiv:1902.10045
Tremaine S., et al., 2002, ApJ, 574, 740
Veledina A., Poutanen J., Vurm I., 2013, Monthly Notices of the
Royal Astronomical Society, 430, 3196
Venturi T., Giovannini G., Feretti L., Comoretto G., Wehrle A.,
1993, ApJ, 408, 81
Verdoes Kleijn G. A., Baum S. A., de Zeeuw P. T., O’Dea C. P.,
2002, AJ, 123, 1334
Walker R., Dhawan V., Romney J., Kellermann K., Vermeulen
R. C., 2000, ApJ, 530, 233
Wojaczyn´ski R., Niedz´wiecki A., Xie F.-G., Szanecki M., 2015,
A&A, 584, A20
Woo J.-H., Urry C. M., 2002, ApJ, 579, 530
Wood M., Caputo R., Charles E., Di Mauro M., Magill J., et al.,
2017, arXiv preprint arXiv:1707.09551
Worrall D., Birkinshaw M., O’sullivan E., Zezas A., Wolter A.,
Trinchieri G., Fabbiano G., 2010, MNRAS, 408, 701
Wrobel J., Heeschen D., 1991, AJ, 101, 148
Young A. J., Wilson A., Mundell C., 2002, ApJ, 579, 560
Yu Z., Yuan F., Ho L. C., 2011, ApJ, 726, 87
Yuan F., Cui W., 2005, ApJ, 629, 408
Yuan F., Narayan R., 2014, ARA&A, 52, 529
Zabalza V., 2015, Proc. of International Cosmic Ray Conference
2015, p. 922
Zezas A., Birkinshaw M., Worrall D., Peters A., Fabbiano G.,
2005, ApJ, 627, 711
van Oers P., Markoff S., Uttley P., McHardy I., van der Laan T.,
Donovan Meyer J., Connors R., 2017, MNRAS, 468, 435
MNRAS 000, 1–11 (2020)
γ-rays from low-luminosity AGN 11
APPENDIX A: ENERGY FLUX UPPER LIMITS
FOR ALL AGN NON-DETECTED IN γ-RAYS
Energy flux upper limits with 95% confidence levels and
integrated over the whole analysis energy range are provided
in Tables A1, A2, A3 and A4, where the sources have been
assumed to have a power-law spectrum with a spectral index
fixed in 2. The TS values are also listed and highlight the shy
presence of NGC 4374 (M84) and NGC 4151, known to host
remarkably powerful radio cores (Ly et al. 2004; Mundell
et al. 2003), as possible γ-ray emitters (significance ∼ 3σ).
This paper has been typeset from a TEX/LATEX file prepared by
the author.
Source Upper limit TS
10−13erg cm−2s−1
IC239 5.09 0.04
IC356 1.89 0.00
IC520 3.06 0.00
IC1727 5.32 0.00
NGC185 26.92 3.31
NGC266 5.70 0.00
NGC404 6.07 0.18
NGC410 6.22 0.17
NGC428 7.91 0.35
NGC474 7.66 0.72
NGC488 8.72 1.60
NGC521 9.77 3.06
NGC524 17.30 0.91
NGC660 13.27 6.06
NGC676 10.86 3.63
NGC718 6.62 0.08
NGC777 4.04 0.00
NGC841 3.36 0.00
NGC1055 16.18 8.65
NGC1058 3.03 0.00
NGC1167 5.94 0.00
NGC1169 1.78 0.00
NGC1961 15.78 8.44
NGC2273 13.06 1.69
NGC2336 1.97 0.00
NGC2541 5.64 0.03
NGC2655 12.72 0.50
NGC2681 3.28 0.00
NGC2683 5.03 0.43
NGC2685 1.67 0.00
NGC2768 15.54 0.80
NGC2787 3.14 0.00
NGC2832 19.23 0.69
NGC2841 10.69 3.03
NGC2859 1.28 0.00
NGC2911 2.69 0.00
NGC2985 18.59 6.55
NGC3031 3.33 0.00
NGC3079 11.98 2.97
NGC3147 1.75 0.00
NGC3166 2.74 0.00
NGC3169 2.63 0.00
NGC3190 9.65 4.32
NGC3193 6.01 0.38
NGC3226 11.76 2.51
NGC3227 3.65 0.00
NGC3245 3.64 0.00
NGC3254 4.55 0.00
NGC3301 4.44 0.00
NGC3368 20.51 4.45
NGC3379 12.34 0.76
NGC3414 1.40 0.00
NGC3433 16.02 4.76
NGC3486 6.09 0.59
NGC3489 5.11 0.07
NGC3507 10.78 6.38
NGC3516 3.33 0.00
NGC3607 10.27 1.30
NGC3608 11.60 5.14
NGC3623 8.89 2.11
NGC3626 9.28 2.41
NGC3627 14.28 4.19
NGC3628 4.07 0.00
Table A1. Energy flux upper limits and TS values for all 193
AGN non-detected in γ-rays. The energy range adopted is from
100 MeV up to 300 GeV.
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Source Upper limit TS
10−13erg cm−2s−1
NGC3642 2.47 0.00
NGC3675 3.41 0.00
NGC3681 9.26 2.79
NGC3692 10.85 4.42
NGC3705 5.46 0.00
NGC3718 1.52 0.00
NGC3735 9.68 1.12
NGC3780 8.65 6.70
NGC3898 9.60 6.77
NGC3900 13.35 2.18
NGC3917 6.38 1.98
NGC3941 6.76 0.41
NGC3945 14.82 8.38
NGC3953 5.22 0.41
NGC3976 11.38 4.89
NGC3982 2.11 0.00
NGC3992 20.51 8.48
NGC3998 4.49 0.54
NGC4013 12.75 3.64
NGC4036 13.27 2.52
NGC4051 3.33 0.00
NGC4111 2.24 0.00
NGC4125 5.24 0.57
NGC4138 12.02 1.56
NGC4143 10.89 1.80
NGC4145 8.99 5.45
NGC4150 1.91 0.00
NGC4151 12.63 11.05
NGC4168 4.47 0.00
NGC4169 10.03 2.44
NGC4192 6.34 0.76
NGC4203 1.44 0.00
NGC4216 22.27 4.94
NGC4220 2.63 0.00
NGC4258 3.33 0.01
NGC4278 5.29 0.00
NGC4281 10.08 2.05
NGC4293 1.52 0.00
NGC4314 17.62 2.64
NGC4321 4.23 0.00
NGC4324 13.63 4.99
NGC4346 14.60 7.12
NGC4350 2.90 0.00
NGC4374 17.30 15.01
NGC4378 12.30 1.40
NGC4388 7.96 0.44
NGC4394 1.76 0.00
NGC4395 8.89 1.54
NGC4414 7.55 1.17
NGC4419 10.78 3.28
NGC4429 4.57 0.00
NGC4435 2.79 0.00
NGC4438 2.90 0.00
NGC4450 3.72 0.00
NGC4457 4.34 0.00
NGC4459 9.15 2.28
NGC4472 3.62 0.00
NGC4477 9.76 2.11
NGC4494 4.29 0.00
NGC4501 18.26 7.59
NGC4527 5.85 0.00
NGC4548 3.17 0.00
NGC4550 9.52 0.70
Table A2. Energy flux upper limits and TS values for all 193
AGN non-detected in γ-rays. The energy range adopted is from
100 MeV up to 300 GeV.
Source Upper limit TS
10−13erg cm−2s−1
NGC4552 8.48 1.51
NGC4565 10.30 4.41
NGC4569 6.14 0.21
NGC4579 12.08 2.47
NGC4589 1.73 0.00
NGC4596 4.21 0.00
NGC4636 3.35 0.00
NGC4639 3.69 0.00
NGC4643 2.50 0.00
NGC4651 14.66 5.11
NGC4698 7.02 1.20
NGC4713 5.72 0.01
NGC4725 12.85 0.62
NGC4736 2.45 0.00
NGC4750 8.60 8.15
NGC4762 2.19 0.00
NGC4772 7.87 1.00
NGC4826 17.94 4.93
NGC4866 17.78 5.98
NGC5005 9.36 4.76
NGC5012 10.01 1.59
NGC5033 2.00 0.00
NGC5055 6.83 0.12
NGC5194 7.91 1.91
NGC5195 7.59 1.28
NGC5273 3.06 0.00
NGC5297 2.21 0.00
NGC5322 9.97 1.42
NGC5353 1.83 0.00
NGC5354 1.94 0.00
NGC5363 8.81 2.57
NGC5371 2.48 0.00
NGC5377 1.65 0.00
NGC5395 9.82 3.19
NGC5448 2.08 0.00
NGC5485 8.99 6.40
NGC5566 11.31 3.15
NGC5631 15.48 8.78
NGC5656 2.60 0.00
NGC5678 13.12 1.10
NGC5701 19.87 5.45
NGC5746 1.33 0.00
NGC5813 10.00 2.46
NGC5838 13.65 6.73
NGC5846 6.42 0.00
NGC5850 3.91 0.00
NGC5866 4.84 0.19
NGC5879 7.19 0.33
NGC5921 7.24 0.77
NGC5970 21.63 1.85
NGC5982 11.79 4.16
NGC5985 11.62 1.42
NGC6340 2.48 0.00
NGC6384 19.07 3.66
NGC6482 18.75 7.23
NGC6500 15.93 0.91
NGC6503 7.93 2.67
NGC6703 1.48 0.00
NGC6951 13.60 2.78
NGC7177 1.81 0.00
NGC7217 2.19 0.00
NGC7331 10.93 2.17
NGC7479 13.89 3.50
Table A3. Energy flux upper limits and TS values for all 193
AGN non-detected in γ-rays. The energy range adopted is from
100 MeV up to 300 GeV.
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Source Upper limit TS
10−13erg cm−2s−1
NGC7626 4.05 0.00
NGC7742 24.51 2.22
NGC7743 3.36 0.00
NGC7814 5.01 0.00
Table A4. Energy flux upper limits and TS values for all 193
AGN non-detected in γ-rays. The energy range adopted is from
100 MeV up to 300 GeV.
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